. These ing to the locus MG112B. This cloned region in Cf0, data rule out MG112A as a candidate for Cf-5 and SC3-8 which includes the region designated MG112B, was hyas a candidate for Cf-2, since the V454 plant that carries pothesized to carry sequences homologous to Cf-2 these two alleles is susceptible to races of C. fulvum (Dixon et al., 1995) . The order of RFLP markers within expressing the corresponding Avr2 and Avr5 genes. this region is indicated in Figure 1A . The Cf-5 gene, A probe (probe C) comprising a 5.5 kb HindIII fragment derived from L. esculentum var. cerasiforme, has been derived from Cf0, which contains part of the region desassigned to the same map location and is either allelic ignated as MG112B together with some flanking sewith, or very closely linked to, Cf-2 (Jones et al., 1993; quences (Figure 2A) , reveals a hybridization pattern in Dickinson et al., 1993) . V454 different from both the parental Cf2 and Cf5 genoTo investigate further the close linkage of Cf-2 and types ( Figure 1C ). For example, XbaI-digested V454 DNA Cf-5, and to exploit this proximity for high resolution contains many of the probe C-homologous bands charanalysis by recombination, we crossed a line containing acteristic of Cf2 ( Figure 1C , closed arrowheads). HowCf-2 (Cf2) to a line containing Cf-5 (Cf5) to generate a ever, one band is missing, and a new band, absent from doubly heterozygous F1 plant carrying a single copy either parental genotype, is apparent ( Figure 1C , open of each resistance locus ( Figure 1A ). This F1 was test arrowhead). This suggests that the recombination event crossed to a line lacking any detectable Cf genes (Cf0), in V454 took place in, or close to, a region of probe C and approximately 12,000 test cross-progeny were homology and implies that probe C could hybridize to screened for susceptible plants by inoculation with a both the Cf-2 and Cf-5 genes. The same blot probed race of C. fulvum ( of a multigene family and V454 arose by an unequal was identified and shown to carry a recombinant chrocrossover event that reduced the copy number in the mosome 6 by using RFLP markers known to be closely recombinant chromosome to less than that in either linked to Cf-2 (Dixon et al., 1995) ( Figure 1A) . To simplify parent. subsequent RFLP analysis, we identified an F2 individual homozygous for the recombinant chromosome from self-progeny of V454. The RFLP marker GP79, which Isolation of Binary Vector Cosmid Clones Carrying Cf-2 maps distal to Cf-2, reveals an L. esculentum hybridization pattern in V454 (data not shown). The probe MG112
To clone Cf-2, we used genomic DNA from plants homozygous for the Cf-2 and Cf-9 resistance genes to conidentifies polymorphisms between the NILs Cf0, Cf2, and Cf5 with all restriction enzymes tested (Dixon et al., struct a binary vector cosmid library. We employed the into a single contig (Figure 2A ). This map shows colinearity with the corresponding region from L. esculentum (Dixon et al., 1995) . However, there are two MG112B regions with similar restriction maps, which could represent a gene duplication in L. pimpinellifolium relative to Cf0 (Figure 2A ). All major MG112-and probe C-hybridizing bands on genomic Southern blots can be explained by the sequences contained within this Cf-2 cosmid contig. pendently functional Cf-2 resistance genes.
Complementation in Transgenic Plants

Southern blot analysis indicates that transformants shown in (c) and
Progeny from all resistant nonpolyploid transformed (d) do not contain an intact copy of Cf-2.
plants were screened with matched races of C. fulvum either containing or lacking Avr2 (race 5,9 compared with race 2,5,9). Races of C. fulvum are named after the binary cosmid vector pCLD04541 (Bent et al., 1994) , resistance genes they can overcome. All progeny were which carries a kanamycin resistance selectable marker susceptible to C. fulvum lacking Avr2 (race 2,5,9), and a multiple restriction enzyme cloning site between whereas approximately 75% of progeny from each the left and right T-DNA borders. These features of transformant were resistant to C. fulvum carrying Avr2 pCLD04541 allow the direct Agrobacterium-mediated (race 5,9) (data not shown). These data confirm the racetransfer of cloned plant DNA into plant cells for complespecific nature of the resistance genes cloned as Cf-2. mentation experiments.
Upon screening of the library with RFLP probe MG112, eight strongly hybridizing pools were identified (see ExStructure and Expression of the Cf-2 Genes perimental Procedures). Clones were plated from each of the corresponding glycerol stocks, and individual
The DNA sequences of both Cf-2 genes, indicated by the boxed regions in Figure 2C , were determined. Each clones that hybridized strongly were isolated by standard procedures. By a combination of restriction mapcopy contains a single major open reading frame encoding a polypeptide of 1112 amino acids. Only three nucleping, fingerprinting, and DNA hybridization, the cloned insert DNA in each cosmid was mapped and assembled otides differ between the open reading frames, each 
Discussion
Isolation of the Cf-2 Genes Positional cloning was used to isolate the Cf-2 disease resistance locus of tomato, which confers resistance to C. fulvum strains carrying the avirulence gene Avr2. A rare (one in 12,000) recombination event between Cf-2 and Cf-5 in susceptible plant V454 was crucial to the localization of the Cf-2 locus to the MG112B region. Transformation experiments using MG112-homologous clones from a tomato genomic library made in a binary cosmid vector enabled us to identify clones that conferred Cf-2 function and then show that the Cf-2 locus comprises two independently functional genes. No phenotypic differences were detected between transgenic plants carrying either Cf-2.1 or Cf-2.2, suggesting they 
Interaction between the Cf-2 Genes and the Ne Necrosis Locus
Introduction of Cf-2 by back-crossing from the red curacid stretch in LRR 32 and a 15 amino acid stretch in rant tomato (L. pimpinellifolium) into larger, fruited L. LRRs 37 and 38 are particularly conspicuous (Figesculentum varieties led to the discovery of an associure 5). These, along with other conserved regions, are ated trait of spontaneous and destructive autonecrosis candidates for domains that interact with other molecu- (Langford, 1948 ). This necrosis is dependent upon the lar participants in the defense signal transduction L. esculentum gene ne, which in the homozygous state pathway.
leads to a necrotic phenotype in the presence of the introgressed Cf-2 gene. Cointrogression of the corre-A genomic probe encompassing the entire MG112B1 region was used to screen a cDNA library derived from sponding L. pimpinellifolium Ne locus completely suppresses this phenotype (Langford, 1948) . This phenomeseedlings carrying both the Cf-2 and Cf-9 genes and which had been injected with intercellular fluid connon shows similarities with many disease lesion mimic mutations characterized in several plant species (Jones, taining avirulence factors (Jones et al., 1994) (D. A. J., unpublished data) . adopts, the LRR region could provide a structure on which a presentational surface can be supported and as well a mechanism by which diversity and novelty in The LRR Domain of Cf-2 the presentational surface can rapidly evolve. The Cf-2 gene encodes the longest uninterrupted stretch of LRRs so far observed . A particularly striking feature of the Cf-2 proteins
Comparison of the Cf-2 and Cf-9
Resistance Genes and Models is the regularity of the length of the LRRs and the strong conservation of certain amino acids within the LRRs.
for In PRI, neighboring repeats are rotated by 17Њ around responses (Lamb, 1994). The production of an oxidative burst precedes the induction of salicylic acid by several an axis to produce a "horseshoe" tertiary structure (Kobe and Deisenhofer, 1993) . In a protein with 21 or hours in the tomato-C. fulvum interaction (May et al., 1996). Upon Avr recognition, Cf gene products may also more copies of the PRI LRRs, the ends of the protein would collide. For Cf-2, with 38 repeats, a twist would activate a signal transduction pathway leading to the transcription of genes which contribute to plant defense be required to generate a structure similar to part of a coil. The tertiary structure of Cf-2 might also differ from mechanisms. Activation of an oxidative burst by the Cf-2 and Cf-9 gene products might occur through common that of PRI for several other reasons. First, the PRI LRRs consist of alternating 28 and 29 amino acid repeats, signaling intermediates. Comparison of the Cf-2 and Cf-9 proteins reveals remarkable homology in their which form a right-handed combination of a short ␤ strand in the LXXLXL region alternating with an ␣-helical C-terminal portions and particularly in the last 9.5 LRRs of domain C ( Figure 4C ). It is striking that much of the region whose core consists of three turns. The greater steric radius of the helix serves to ratchet each LRR by conserved region between Cf-2 and Cf-9 is extracytoplasmic. This suggests two kinds of models for how this 17Њ (Kobe and Deisenhofer, 1993) . In contrast, the LRRs of Cf-2 and Cf-9 are on average 24 amino acids long, class of R gene might act (Figure 6 ). Transmission of a signal may involve Avr product-dependent interaction and the potential helical region is consequently shorter. As in Cf-9, the LRRs of Cf-2 contain a proline residue between this region of high identity and domains of a common or related membrane protein. One such protein in a position of the repeat corresponding to the potential helical region. However, prolines can be readily incorpomight be the NADPH oxidase itself ( Figure 6A ). Another ( Figure 6B ) could be an LRR transmembrane receptor rated near the N-termini of helices. More importantly, the spacing of leucine residues in this region differs protein kinase, of which there are several examples in plants, such as TMK1, RLK5 (Chang et al., 1992; Walker, considerably from PRI, suggesting that folding to form an amphipathic ␣ helix aligned parallel to the ␤ strands 1994), and the product of Xa21, the rice bacterial blight resistance gene (Song et al., 1995) . Conceivably, in the as found in PRI is less likely. This is to be expected, since formation of a super-twisted repeated ␤-␣ structure, if same way that Prf and Pto are both required for Pseudomonas resistance in tomato (Salmeron et al., 1994; it occurred, would necessitate some alteration of the basic helical region, perhaps both in length and relative Martin et al., 1993), Cf function in tomato might require an Xa21-like gene, and Xa21 function in rice might reorientation. Finally, the LRRs of Cf-2 are predicted to be extracellular and have the potential to be highly glyquire a Cf-9-like gene. This model is reminiscent of Brassica self-incompatibility, which requires both a secreted cosylated, unlike the LRRs of the cytoplasmically located PRI, and this could affect their tertiary structure. stigmatic S locus glycoprotein and a stigmatic S-related kinase, with homology to S locus glycoprotein in its Kobe and Deisenhofer (1994) have speculated that some LRR proteins assume a ␤-helical structure analogous to extracellular domain, for recognition of incompatible pollen (Nasrallah and Nasrallah, 1993). that adopted by pectate lyase C; if this were true for Cf-2 and Cf-9, they would adopt an alternative structure, Tests of these ideas about Cf gene function will A diagon plot comparing the DNA sequence of the Cf-2 open reading frame against itself reveals a pronounced alternating pattern of A and B repeats ( Figure  4D ). The diagonal lines of the four consecutive B repeats (LRRs 12-15) are separated by a spacing of 72 nt (one complete repeat). However, where the A and B repeats alternate the spacing is equivalent to 144 nt (two complete repeats). The fact that these repeats are so apparent at the nucleotide level suggests that the multiple copies were generated by another recent intragenic amplification event(s). A region of such highly reiterated DNA sequences might be associated with an increase in the rate of intragenic unequal crossing over, and consequently variation could be generated at a higher rate 
